BACKGROUND: Critical to successful execution of mitochondrial-mediated apoptosis is apoptosome formation and subsequent activation of caspases. Defects in this pathway have an important role in colorectal carcinogenesis and chemoresistance; therefore, the expression of apoptosome-associated proteins may be associated with clinical outcome and response to chemotherapy. METHODS: Here we performed a systematic analysis of the immunohistochemical expression of the key proteins involved in apoptosome-dependent caspase activation (APAF1, Pro-caspases 9 and 3, SMAC, and XIAP) in a cohort of Stage II and III colorectal cancer patients from a Phase III trial of adjuvant 5-fluorouracil-based chemotherapy vs postoperative observation alone. RESULTS: Survival analysis indicated that of the apoptosome-associated proteins examined here, Pro-caspase 3 and APAF1 have potential clinical utility as predictive markers in Stage II and III colorectal cancer, respectively. Interestingly, we identified APAF1 staining to be associated with better recurrence-free and overall survival in patients receiving chemotherapy. CONCLUSION: These studies reveal the importance of the apoptosome-dependent caspase activation pathway, specifically Pro-caspase 3 and APAF1 proteins, for predicting both prognosis and response to therapy.
Colorectal cancer has among the highest incidence and mortality rates of any cancer in the Western world, with global numbers currently increasing because of ageing populations and an increased prevalence of colorectal cancer incidence in the developing world (Center et al, 2009; Jemal et al, 2011) . Owing to its asymptomatic nature, colorectal cancer is frequently diagnosed in its latter stages in which there is local, lymphatic or metastatic disease spread, thereby indicating a need for adjuvant 5-fluorouracil (5-FU)-based chemotherapy. Patients with nodepositive Stage III disease have a known benefit from adjuvant chemotherapy, with response rates at approximately 50% (de Gramont et al, 2000; Goldberg et al, 2004) . However, among node-negative Stage II patients, 80% will benefit from surgical resection alone (Gray et al, 2007) , indicating that only a small portion of these patients will benefit from chemotherapy; however, there are no known effective markers to readily distinguish this subset of patients.
Dysfunctional apoptosis is well recognised as a contributing factor in both malignant progression and the development of chemotherapy resistance in colorectal cancer (Gourdier et al, 2002; Igney and Krammer, 2002; Johnstone et al, 2002) . Commonly used chemotherapies in the treatment of cancers of the colon and rectum, such as the DNA-damaging agents 5-FU and oxaliplatin, activate the intrinsic pathway of apoptotic cell death and subsequent mitochondrial outer membrane permeabilisation (Kaufmann and Earnshaw, 2000; Arango et al, 2004) , resulting in the release of cytochrome-c and subsequent apoptosome formation. The apoptosome, a complex of cytochrome-c and APAF-1, recruits and activates the initiator Pro-caspase 9, leading to the activation of the effector caspases, in particular Procaspase 3, culminating in those biochemical and morphological changes associated with apoptotic cell death (Li et al, 1997) . This pathway is further regulated by the inhibitor of caspase protein XIAP, which works through the direct inhibition of active caspases 9 and 3 (Deveraux and Reed, 1999) and is also implicated in the ubiquitination of caspases, targeting them for proteasomal degradation (Suzuki et al, 2001; MacFarlane et al, 2002) . This pathway is further regulated by the direct interaction between XIAP and its antagonist SMAC (Verhagen et al, 2000) .
Because of the importance of this pathway in cancer progression and chemotherapy-induced cell death, apoptosome-associated proteins may be important markers for colorectal cancer prognosis and chemotherapy response. Several studies have examined the immunohistochemical expression of individual proteins associated with apoptosis execution in colorectal cancer (Hector & Prehn, 2009) . Increased expression of APAF1 has been shown to be associated with longer patient survival in rectal cancer patients (Zlobec et al, 2006) and loss of APAF1 has been implicated in tumour progression and more aggressive disease (Paik et al, 2007) . Similarly, longer overall survival has been associated with increased SMAC (Endo et al, 2009 ) and caspase 9 (Strater et al, 2010) . The anti-apoptotic XIAP has also been implicated as a potential prognostic marker for colorectal cancer, with increased expression correlating with poor patient outcome (Xiang et al, 2009) . A singular study examining the prognostic value of caspase 3 protein expression in colorectal cancer did not find any association with patient outcome (De Oliveira Lima et al, 2009 ). However, no study to date has provided a comprehensive analysis of these key regulatory proteins as markersof for colorectal cancer prognosis or chemotherapy response.
In this study we aimed to determine the ability of the apoptosomeassociated proteins APAF1, Pro-caspase 9, Pro-caspase 3, SMAC, and XIAP to serve as markers of survival in a cohort of Stage II and III colorectal cancer patients and in colorectal cancer patient response to 5-FU-based chemotherapy. Taken together, these studies indicate the potential clinical importance of Pro-Caspase 3 and APAF1 in the clinical setting, both in determining patient prognosis and in identifying effective treatment options.
PATIENTS AND METHODS

Patient cohort
Patients included in this study were drawn from a Phase III clinical trial of Stage II and III colorectal cancer patients comparing 5-FU/leucovorin adjuvant chemotherapy with postoperative observation (McDermott et al, 2003) . Surgically resected tumours from patients (n ¼ 224) were preserved as formalin-fixed paraffinembedded (FFPE) tissue for construction of tissue microarrays (TMAs). Clinicopathological details, including gender, age at surgery, histological stage, tumour grade, and TMN stage, were recorded for the study cohort (Table 1) . Information regarding the randomisation of patients to chemotherapy or observation, time to and site of recurrence, as well as time to cancer-related mortality was available for this study. Median clinical follow-up time for this patient cohort was 73 months. This study has full ethical approval from local ethics committees involved in the study, with patients giving informed consent for use of tissue for research according to the Declaration of Helsinki.
Tissue microarray construction and staining
Tissue microarrays of the patient cohort were constructed as previously described (McLornan et al, 2010) . Briefly, where possible up to four tumour cores were obtained from each patient using the Beecher Instruments arrayer (Sun Prairie, WI, USA) and placed into a paraffin block. Sections 4 mm in thickness were cut, floated onto adhesive slides and baked overnight at 55 1C. Arrays were constructed at a density of 90-110 cores per array.
For staining, antibodies were chosen based on their suitability for use on FFPE tissue and optimised with appropriate antigenretrieval methods and antibody dilutions (Supplementary Table 1 ). All staining was performed on a BondMax automated immunostainer (Leica Microsystems, Wetzlar, Germany). Briefly following dewaxing and appropriate antigen retrieval, the diluted primary antibody was applied to the cores for 20 min and localisation of bound antibody was performed using the Bond Polymer Refine DAB Kit (Leica Microsystems). Visualisation was performed using the enhanced diaminobenzidine tetrachloride with Harris 0 haematoxylin as counterstain. Positive and negative controls were constructed according to the suppliers 0 recommendations.
Immunohistochemical scoring
Following staining, tissue cores were scored according to quantity and intensity for APAF1, Pro-caspases 9 and 3, SMAC, and XIAP. Quantity and intensity scoring was according to a standardised scoring system, with quantity scores varying on a scale from 0 to 4 based on the percentage of cells staining positive and intensity scores ranging between 0 and 3. Scoring was carried out by two trained pathologists blinded to the clinical details and recorded, with discordant scores agreed by consensus. As multiple cores for each patient were arrayed, median intensity scores were used for all subsequent statistical analysis.
Statistical analysis
Cox proportional hazard analysis for recurrence-free and overall survival were carried out using SAS (SAS Institute Inc., Cary, NC, USA). Data were analysed separately for Stage II and Stage III disease with respect to both the sum and product values of the quantity and intensity scores, as well as individual quantity and intensity scores. The ability of each protein to function as a marker for chemotherapy response was assessed using survival analysis comparing those patients receiving 5-FU chemotherapy and those in the observation group. For all multivariate Cox regression analyses, in addition to median protein intensity, co-variates included in the model were gender, age, treatment, tumour stage, and tumour grade. For generation of Kaplan-Meier survival curves for APAF1, SMAC, Pro-caspase 3 and Pro-caspase 9, patients were grouped as either 'strong staining' or 'weak staining' based on each protein's median intensity values across all patients. Specifically, intensity values for APAF1, Pro-caspase 3, and SMAC median-staining intensity 42, and X2 for Pro-caspase 9, were considered strong staining. Because of the strong staining patterns observed for XIAP in the majority of patients, the median intensity value was 3 (on a scoring scale of 0-3); therefore a cutoff value of X2 was used as this was the threshold intensity that was best able to dichomtomise patients. Intensity values less than these thresholds were considered 'weak staining'. Kaplan-Meier survival plots and logrank P-values for individual proteins and combinations were generated using SPSS PASW Statistics 18.0 (IBM SPSS Statistics, Somers, NY, USA), with P-valueso0.05 considered to be significant.
RESULTS
Clinicopathological details of patient cohort
Tissue microarrays were constructed from tissue cores from chemonaive surgical resections from 224 Stage II and III colorectal cancer patients participating in a Phase III trial of adjuvant 5-FU/ leucovorin vs observation alone (McDermott et al, 2003) . The clinicopathological features of the patient cohort are indicated in Table 1 . Patients were evenly randomised to either the Figure 1A and B). Comparing patients receiving chemotherapy vs those randomised to the observation group, there was no significant difference in recurrence-free or overall survival between the two groups (Supplementary Figure 1C and D) . When the effects of chemotherapy were analysed for stage, those with Stage II disease had no survival benefit from chemotherapy; however, there was a trend towards better survival in those Stage III patients receiving chemotherapy (Supplementary Figure 1E and F).
Pro-caspase 3 and APAF1 act as potential prognostic markers in Stage II and III colorectal cancer, respectively
In order to assess the ability of the key proteins involved in apoptosome-dependent caspase activation, that is, APAF1, Procaspases 9 and 3, XIAP and SMAC, to act as predictive markers for Stage II and III colorectal cancer, TMAs were stained and scored for quantity and intensity by a trained pathologist. Figure 1 depicts representative weak and strong staining in tumour tissue for each protein.
Traditionally, statistical analysis of immunohistochemical studies takes into account both quantity and intensity scores, specifically either their sum or their product. We therefore carried out a Cox proportional hazard analysis for both the sum and the product of the quantity and intensity scores. These univariate analyses indicated that when intensity scores were combined, no protein had prognostic value in our cohort of patients (Supplementary Tables 2 and 3) . When the same analysis was carried out using either quantity or intensity scores individually, quantity scores showed similar results to that of the sum and product analyses, with no prognostic value being shown for any proteins. Surprisingly, when only intensity scores were analysed, the data indicated some potential prognostic capabilities for specific proteins (Tables 2 and 3) . Therefore, subsequent analyses presented here were done using only intensity scores.
Apoptosome-dependent caspase activation staining was present in 97% of patients, with the majority of the patients (60.2%) showing weak staining. In node-negative Stage II disease, there was no significant difference in Kaplan-Meier survival plots between strong and weak APAF1 staining for either recurrence-free (Figure 2A ) or overall survival ( Figure 2B ). However, in Stage III disease, in which there is lymphatic involvement, patients with strong staining for the pro-apoptotic APAF1 had better recurrence-free (P ¼ 0.046; Figure 2A ) and overall (P ¼ 0.033; Figure 2B ) survival. While survival curves indicated that strong staining was indicative of better survival, Cox proportional hazard analysis of Stage III disease did not reflect this, with univariate hazard ratios (HR) of 0.918 (P ¼ 0.5538) and 0.845 (P ¼ 0.2251) for recurrencefree and overall survival, respectively (Tables 2 and 3) .
Similarly to APAF1 expression, Pro-caspase 3 protein was expressed in the majority (87%) of patients, with the majority (74%) having weak tumour staining. Survival curves indicated that in Stage II, but not Stage III disease, patients with strong staining had better recurrence-free ( Figure 2C ) and overall ( Figure 2D ) survival than those with weak staining. This is reflected in the univariate Cox proportional hazard analysis, with hazard ratios of Weak staining
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Pro-caspase 3 Pro-caspase 9 SMAC XIAP Strong staining Figure 1 Representative images of weak and strong intensity staining for APAF1 (A, F), Pro-caspase 9 (B, G), Pro-caspase 3 (C, H), SMAC (D, I), and XIAP (E, J) in colorectal tumours. (Tables 2 and 3) , indicating a strong predictive value for Pro-caspase 3 in Stage II colorectal cancer. Examination of the other proteins, Pro-caspase 9, XIAP and SMAC, revealed no difference in the survival between weak and strong staining for either disease-free or overall survival ( Supplementary Figures 2 and 3) . Likewise, hazard ratios indicated no predictive capacity for these proteins in this patient cohort at the level of either recurrence-free or overall survival (Tables 2 and  3) . Interestingly, XIAP staining, although not associated with patient outcome, was more strongly expressed in patients with more advanced disease, with 96% of Stage III patients exhibiting strong intensity XIAP staining (Supplementary Figures 2C and 3C ) compared to 83% of Stage II tumours.
Pro-caspase 3 is an independent prognostic marker in Stage II colorectal cancer
In order to determine the influence of clinicopathological features on prognosis, multivariate Cox proportional hazard analysis was carried out for recurrence-free and overall survival, with gender, age, treatment, tumour stage, and tumour grade included as covariates. In all analyses, tumour stage consistently was identified as a significant covariate in both Stage II and Stage III disease. In Stage II disease, only strong Pro-caspase 3 expression was associated with better recurrence-free (HR ¼ 0.488) and overall survival (HR ¼ 0.706); however, this was significant in predicting recurrence (P ¼ 0.0052) and approached significance for overall survival (P ¼ 0.0662) (Tables 2 and 3), indicating that Pro-caspase 3 may be an important independent prognostic marker in Stage II colorectal cancer. None of the other individual proteins examined were found to be associated with either recurrence-free or overall survival in multivariate analysis (Tables 2 and 3 ). Chemotherapy and tumour grade were significantly associated with longer and shorter overall survival, respectively, indicating their potential importance as prognostic markers in later disease stages.
APAF1 expression predicts response to 5FU-based adjuvant chemotherapy
Successful apoptosis execution is essential to the cell death induced by chemotherapeutics such as 5-FU. Therefore, we next performed survival analysis to determine whether immunohistochemical expression of APAF1, Pro-caspase 3, Pro-caspase 9, SMAC, or XIAP were associated with clinical response in patients who received 5-FU-based chemotherapy. Interestingly, as individual proteins only APAF1 was able to predict patient response to 5-FU-based chemotherapy. Figure 3 shows the Kaplan-Meier survival curves for APAF1 when patients were stratified according to treatment arm. In those receiving 5-FU-based therapy, patients with strong APAF1 staining had better survival ( Figure 3A and C), while there was no difference in survival plots in the observation arm of the study ( Figure 3B and D). Hazard ratios for both recurrence-free (HR ¼ 0.27; P ¼ 0.037) and overall survival (HR ¼ 0.350; P ¼ 0.006) in the chemotherapy arm of the study indicated that increasing expression of APAF1 is a strong positive predictor for response to 5-FU-based chemotherapy. Owing to the relatively small number of patients in each group, stages were combined at this point in order to perform more robust statistics.
DISCUSSION
Despite the ever-increasing insight into the biological basis of colorectal cancer and the concomitant development of targeted therapies, tumour staging remains the key factor in assessing patient prognosis and classical cytotoxic drugs remain the mainstay of adjuvant chemotherapies. On this note we assessed the immunohistochemical expression of critical apoptosis-regulating proteins (APAF1, Pro-caspases 9 and 3, SMAC and XIAP) and determined associations between expression and clinical outcome in a Stage II and III colorectal cancer patient cohort. While previous studies have shown that these proteins are differentially expressed in colorectal tumour tissue compared to normal tissue (Palmerini et al, 2001; Krajewska et al, 2005; Putt et al, 2006; Zlobec et al, 2006; Endo et al, 2009; Xiang et al, 2009) , associations between protein expression and survival have not always been drawn. In this study we took a systematic approach and showed that Pro-caspase 3 expression in colorectal tumours is associated with better recurrence-free and overall survival, and serves as an independent prognostic marker in localised Stage II disease. This result is in agreement with previous studies that demonstrated caspase 3 expression to be a positive prognostic marker in hepatocellular carcinoma (Huang et al, 2010) and diffuse large B-cell lymphoma (Provencio et al, 2010) . The XIAP expression has been previously shown to be linked to metastasis and tumour aggressiveness in other solid tumours (Kluger et al, 2007; Shi et al, 2008; Gu et al, 2010) . Interestingly, we observed XIAP to be strongly expressed in Stage III colorectal cancer, with weak staining in only 4% tumours compared to 17% in Stage II patients. We also observed that in Stage III disease, fewer patients exhibit strong Pro-caspase 3 staining compared to Stage II disease, suggesting that Pro-caspase 3 protein may be lost in colorectal cancer progression. Taken together, these findings indicate the concomitant loss of Pro-caspase 3 expression and increased expression of the anti-apoptotic XIAP may contribute to the decrease in apoptosis observed with advancing disease stage (Bedi et al, 1995) .
In line with its function as a key protein for initiating caspase activation, we also demonstrate here that APAF1 expression is significantly associated with better survival in Stage III disease. Loss of APAF1 expression has previously been linked to tumour progression and more aggressive disease (Paik et al, 2007) . We have similarly observed that in Stage II and III disease the majority of this patient cohort have weak immunohistochemical APAF1 staining. A previous study of Stage II colorectal cancer reported that APAF1 expression was similarly associated with better prognosis (Krajewska et al, 2005) ; however, this did not reach statistical significance. Importantly, one of the key findings of our study is the identification of an apparent 'switch' from a dependence on a loss of Pro-caspase-3 expression to a loss of APAF-1 expression during tumour progression. This may result from differential transcription factor binding to the respective promoters due to activation or inactivation of such factors during tumour progression. Similarly, it may be due to the fact that XIAP expression is increased in Stage III tumours, resulting in a more pronounced role for loss of APAF-1 expression owing to the ability of XIAP to neutralise caspase-3 but not APAF-1.
An important finding of our study is that APAF1 may have an important role in chemotherapy response and drug resistance in colorectal cancer, with APAF1 protein expression being the only individual protein whose expression was significantly associated with positive response to 5-FU-based treatment. As noted above, loss of APAF1 expression has previously been shown to identify with a more aggressive phenotype, which may also imply chemoresistance, although prior to this study none have shown APAF1 expression to be associated with chemotherapy response in colorectal cancer. Interestingly, a previous study also demonstrated that APAF1 positivity was a significant marker for complete tumour regression in rectal cancer patients who received neoadjuvant radiotherapy (Zlobec et al, 2006) . Expression of APAF1 protein has been shown to be under epigenetic control, with apaf1 gene hypermethylation having been shown to be associated with negative clinical outcome in a number of tumour types, including melanoma (Soengas et al, 2001) , renal cell carcinoma (Christoph et al, 2006a) , neuroblastoma (Grau et al, 2011) , and bladder cancer (Christoph et al, 2006b) . Further studies examining whether loss of APAF1 protein expression in colorectal tumours is due to epigenetic mechanisms and how this correlates with chemotherapy responsiveness are certainly needed, as this may identify alternative therapies, such as those that target methylation, which may be effectively used for APAF1-negative colorectal cancer patients. Our study indicates that APAF-1 may potentially become a clinicopathological tool that facilitates the identification of colorectal cancer patients not responding to 5-FUbased chemotherapy.
Immunohistochemical studies aimed at determining a protein's value as either a prognostic or predictive marker will generally use a composite staining score which takes into account both the quantity and intensity scores (Harvey et al, 1999; Krajewska et al, 2005 ). An unexpected finding of this study is that for the proteins examined here, product or sum-derived composite score indicated no prognostic potential. Further analysis of intensity scores alone, however, demonstrated that for these proteins the intensity score alone was more informative than when quantity and intensity scores were combined into one score. Other studies have also shown that either quantity or intensity scores of certain proteins are predictive of survival (McCawley et al, 2011; Sinicrope et al, 2008) . Consequently, it is possible that combining the quantity and intensity scores may mask any predictive capabilities of individual proteins, and that for Pro-caspase 3 and APAF1 the percentage of cells staining positive is not as important as the abundance of the protein within those positively staining cells. In future studies, it is therefore important that except for proteins such as Her2 in which the method of scoring is well-established, rigorous examination of the best-scoring method is necessary such that important information regarding potential markers is not lost.
In conclusion, the systematic approach conducted in our investigation identified for the first time an association between Pro-caspase 3 and survival in Stage II disease, thereby highlighting the possible importance this protein may have in identifying those patients who may benefit from adjuvant chemotherapy. Furthermore this study highlights the importance of APAF1 as a prognostic marker for Stage III colorectal cancer, but also as a marker for chemotherapy response.
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